Here we report a two-step surface modification methodology to radiolabel small extracellular vesicles (SEVs) with 64 CuCl 2 
vivo and follow their biodistribution are very important to fully evaluate their regenerative potential.
Fluorescence, 10, 11 luminescence, 10, 11 magnetic resonance imaging (MRI), 12, 13 computed tomography 14 and single-photon emission computed tomography (SPECT) 15, 16 imaging techniques have been used to monitor in vivo SEVs. Fluorescence and luminescence techniques are relatively easy to operate, readily accessible in research labs and can provide spatiotemporal distribution of SEVs, however, they do not offer high sensitivity and absolute quantification. An alternative to fluorescence/luminescence techniques is MRI which offers anatomic information. In this case, SEVs are typically labelled with superparamagnetic iron oxide nanoparticles with sizes between 5 and 150 nm. 12, 13, 17 Unfortunately, MRI does not have enough sensitivity for the low concentration (normally 10 µM to 10 mM contrast agent was needed) 18 of SEVs typically accumulated in tissue.
Computed tomography requires the labelling of SEVs with inorganic nanoparticles which may accumulate in tissues. 14 Alternatively, SPECT/CT offers sensitivity; however, the acquisition and quantification of the images raises some technical issues and the stability and bioactivity of the labelled SEVs have not been demonstrated. 15, 16 PET imaging is a very interesting alternative to SPECT for SEV tracking as PET is superior to SPECT regarding sensitivity (approximately 2 to 3 orders of magnitude) 19 and provides quantitative images. During the submission of this study, a PET imaging technique for SEV tracking has been reported. 20 The study used 124 I, with a half-life over 4 days, which was reacted covalently with the tyrosine aminoacids of proteins in the SEV membrane. PET imaging was combined with computed tomography (CT) to include anatomical details. Despite the significant progresses, the effect of iodine in the properties of EVs (e.g. intravesicle content, cell internalization, SEV bioactivity), the control of radiolabelling (EVs from different cell sources may have significant differences in protein content at the membrane) as well as anatomical information about the accumulation of EVs in organs with low accumulation (e.g. brain) was not investigated.
Here, we describe a PET/MRI imaging platform to track in vivo SEVs and we demonstrate the effect of the radiotracer in the properties of SEVs. We have selected 64 Cu 2+ (t 1/2 =12.7 h, I β+ =17%, I β-=39%, IEC=43%, E max = 0.656 MeV) as radiotracer because it is a widely used radionuclide in diagnostic as well as radiotherapy applications, and can be produced in large scale with high specific activity. In this study, we have isolated SEVs from human umbilical cord blood mononuclear cells (hUCB-MNCs) cultured under hypoxic conditions. We selected hUCB-MNCs because these cells were relatively easy to obtain from banks and the enhanced bioactivity of SEVs collected from neonatal cells has been demonstrated relatively to adult cells. 25 In addition, we cultured hUCB-MNCs in hypoxic conditions because recent studies have shown that SEVs were more bioactive than SEVs isolated from cells cultured under normoxic conditions. 26 SEVs were purified using a sequential ultracentrifugation procedure. 27 For some experiments, we performed a size exclusion chromatography to remove protein aggregates. 28, 29 SEVs were then characterized by dynamic light scattering (DLS; Figs. 2B and 2C), nanoparticle tracking analyses (NTA; Figs. S1A, S1B and S1C) protein quantification, flow cytometry analyses ( Fig. 2D ) and instant thin layer chromatography (ITLC) (Fig.  2E ). In this last case, SEVs were characterized for the expression of the EV markers CD9 and CD63 1, 30 as well as the hematopoietic marker CD45 (Fig. 2D) . Overall, our results showed that SEVs had an average diameter of 100 nm, a zeta potential of -34 mV, and expressed high levels of EV markers including CD9 and CD63 as well as the hematopoietic marker CD45. To conjugate the metal chelator DOTA at the surface of SEVs, we have used SEV free thiol groups. The concentration of free thiol groups per SEV was 1,500 (±200), as quantified by a thiol fluorescent probe (see Materials and Methods). Next, the free thiol groups in the surface of SEVs were reacted with the maleimide group present in the DOTA molecule to form a stable covalent bond ( Fig. 1) Tc-HMPAO for SPECT imaging. 15 The radiochemical purity of SEV-DOTA-Cu before and after purification by spin column was characterized by ITLC. The free 64 CuCl 2 moved along the TLC strip whereas SEVs stayed in the bottom of the strip (Fig. 2E) . SEV-DOTA-Cu, after purification by spin column, showed only one band (and thus a purity of ≈ 100%) corresponding to the presence of modified SEVs. This level of purity compares favourably with a previous strategy of radiolabelling SEVs by the entrapment of the radioligand in the interior of the vesicle 15 (purity of 93.7%). In our case, the high level of purity was due to the purification methodology adopted as well as the stability of the bond between the DOTA and 64 Cu 2+ .
The morphology, size and charge of purified SEVs-DOTA-Cu were characterized by transmission electron microscopy (TEM) ( Fig.  2A) , DLS (Fig. 2B ), zeta potential (Fig. 2C) and NTA ( Fig. S1A and  S1B) . TEM results showed a typical cup shaped morphology as well as the presence of a bilayer membrane indicating that the morphology of SEVs was not significantly altered after conjugation ( Fig. 2A) . No statistical changes in size and zeta potential were observed between original SEVs and SEV-DOTA-Cu, as evaluated by DLS (Figs. 2B and 2C) and NTA analyses (Fig. S1A, S1B ). In addition, no signs of aggregation of SEVs-DOTA-Cu were observed at room temperature even after 24 h post-reaction ( Fig. S1B and S1C ). This contrasts with previous attempts of SEV surface radiolabelling with SCN-Bn-NOTA and 68 Ga, in which aggregation of SEVs was described. 15 Moreover, the content of surface proteins in SEVs such as CD63 and CD9 (Fig. 2D) was not affected by the labelling procedure as well as the microRNA content (Fig. S2A, S2B Therefore, we evaluated the pro-survival activity of both SEVs and SEV-DOTA-Cu against ischemic endothelial cells. Human umbilical vein endothelial cells (HUVECs) were cultured for 2 h in ischemic conditions (culture media without glucose, in the absence of oxygen) and then treated with SEVs (4.5 × 10 9 particles/mL, without
Cu labelling) for 48 h in normoxic conditions and full cell culture media. Cells treated with SEV showed a higher viability (as evaluated by cell counting) than non-treated cells (Fig. 3B) . Interestingly, HUVECs treated with SEV-DOTA-Cu, in the same set up described before, showed a higher viability than cells treated with SEVs without copper. We further checked the internalisation of SEVs with and without modification (Fig. 3C, 3D ). Confocal Zstacks reveal that SEVs are internalised by HUVEC in both cases. Analysis of cell fluorescence showed no significant difference after the modification with DOTA-Cu. These results suggest that the higher bioactivity of SEV-DOTA-Cu is not caused by higher internalization. A possible explanation for this is related to the proangiogenic effect of copper, 33, 34 whose role in the survival of endothelial cells has been previously demonstrated, particularly in reduced nutrient conditions. 35 Therefore, our labelling strategy may contribute for the bioactivity of SEVs. For in vivo applications, it is very important that the copper labelling is stable and the ligand does not leach overtime from the chelator. Therefore, we evaluated the stability of the copper labelling after suspending SEVs-DOTA-Cu in human serum for 24 h. As control, we suspended SEVs-DOTA-Cu in PBS. At different times, a fraction of the suspension was characterized by ITLC (Fig. S3A) . The results showed that SEVs-DOTA-Cu were stable in serum and PBS (94% and 97%, respectively), at least for 24 h. The stability of SEV-DOTA-Cu was also evaluated in the animal blood. For this purpose, SEVs-DOTA-Cu were administered intravenously in mice and after 1 or 4 h blood samples collected and characterized by ITLC (Fig. S3B) . Our results indicated that more than 95% of SEV-DOTACu was observed as a complex, without the leaching of ) and DOTA-Cu was evaluated after intravenous administration in the tail vein of C57BL/6J mice. At different time points, animals were sacrificed and the organs collected for radioactivity quantification. Animals administered with DOTA-Cu showed almost no radioactivity after 1 h, indicating a rapid elimination from the animal body (Fig. S4A) , whereas SEV-DOTA-Cu showed still a significant radioactivity after 3 h. In this last case, the highest level of radioactivity in all the organs was found at 2 h. At this time point, animals presented the highest radioactivity in liver (~30%; Fig. 4E ) followed by lung, kidney, bowel and stomach. The accumulation in the brain was the lowest (~0.4-0.5 %) likely due to the selective permeability of the blood brain barrier. Next, mice administered intravenously with SEV-DOTA-Cu (n= 2 mice) and DOTA-Cu (control; n=1 mice) and then imaged by PET-MRI. All PET scans were performed using a prototype of a highacceptance small-animal PET based on resistive plate chambers (RPC-PET). 36 The whole body of a mice was scanned in three sections (liver-heart, brain, kidney-bladder) for 3 h and 40 min. Images were reconstructed using OSEM algorithm and cubic voxel of 0.5 mm width. Height fiducial markers that can be viewed both in the PET and MRI imaging were placed in the mice bed and MRI imaging was done after PET without moving the mice from the bed, under anesthesia. Our results clear indicate the accumulation of SEVs in the liver. The brain (the organ with the lowest accumulation) showed homogeneous accumulation of SEVs. In detail, high resolution RPC-PET images analysis revealed similar uptake of the radiolabel-SEVs in the striatum, pre-frontal cortex and cerebellum (period 20 to 60 min: 0.96, 0.91 and 1.00% ID/g, respectively), compared to the late acquisition (period 3h to 3h40: 0,86, 0.81 and 0.78% ID/g, respectively). Interestingly no activity was observed in the salivary gland after 3 h injection of SEV-DOTACu further supporting the stability of our surface modification strategy over the encapsulation strategy where significant amount of activity in the salivary gland was observed after 3h of injection due to the leaching of 99m
Tc. 15 Overall, we have developed a SEV radiolabeling strategy useful for PET/MRI imaging. The PET/MRI imaging platform offers several advantages relatively to SPECT/CT or PET/CT imaging platforms. MRI offers better anatomical details than CT images. This is of utmost importance to investigate the biological effect of SEVs in complex organisms. In addition, PET imaging offers better resolution than SPECT imaging. The sensitivity of PET scanners is higher because of the geometry of the scanners, which surround the body with a ring of detectors, whereas the SPECT system is limited by a physical collimator and requires planar detectors to rotate around the body to acquire a tomographic image. 37 PET scanners detect 100 time more emitted photons than SPECT scanners. 19 The higher sensitivity of the PET scanner allows the administration of a lower activity of radiotracers. In the current study, we have successfully performed the PET imaging after injecting 180 µCi, with similar sensitivity to the one obtained with higher copper activity (665 µCi). Using the current radiolabelling strategy and equipment set up, one can detect as low as 1×10 20 in general 3 h postintravenous administration. 11, 15 The differences between our and previous studies might be due to differences in the nature of SEVs. Liposomes larger than 160 nm accumulate preferentially in the spleen than in the liver. 11, 39 The decrease in liposome size decreases the accumulation in spleen and increases in the liver. Because our SEVs have an average diameter of 114 nm it is likely that they are more prone to accumulate in the liver. The presence of SEV-DOTA-Cu in the urine was less than 10% after 1 h postadministration which gradually increased along time and after 3 h we had 20-25% in urine which indicates the elimination of the SEV-DOTA-Cu from the body. The use of copper as a radiotracer opens new opportunities to couple the bioactivity of copper with the bioactivity of proteins and non-coding RNAs within SEVs. In the context of Regenerative Medicine, it has been demonstrated that copper has an antioxidant activity, is able to stimulate the proliferation of human endothelial cells 40 and is able to regulate the expression of claudins and thus control blood brain barrier permeability. 41 In addition, copper is very important for brain activity and recent studies indicate that the disturbance on brain copper homeostasis may lead to Alzheimer´s disease. 42 Therefore, the use of copper as a radiotracer opens new opportunities in terms of regenerative and therapeutic medicine.
Conclusions
We report a methodology to radiolabel SEVs with 64 CuCl 2 for PET/MRI imaging. The methodology includes the initial conjugation of a metal chelator on the surface of SEVs followed by the complexation of the modified SEVs with 64 CuCl 2 . SEV-DOTA-Cu had similar diameter (114 nm) and zeta potential (-33.62 versus -37.06) as the non-conjugated ones, showed stable radiolabeling (ca. 94% of the signal was maintained) for 24 h when vesicles were suspended in 1:1 serum:buffer, and demonstrated a higher bioactivity against human endothelial cells as non-conjugated vesicles due to the angiogenic properties of Cu. It was also confirmed that the cell-internalization and internal miR content of the SEVs was not affected by their surface modification. The biodistribution of SEV-DOTA-Cu could be monitored by PET following intravenous administration in mice. Two hours' postadministration, SEV-DOTA-Cu showed the highest accumulation in the liver (25-30%) and the lowest in the brain (0.4-0.5%). The labelling strategy presented here may be useful for diagnostics and therapies based in SEVs since it is relatively simple and very sensitive.
